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Abstract. In the electromagnetic forming (EMF) process, the Lorentz force is generated by the repulsive interaction of magnetic
field between a pulse transient current in a coil and an eddy current in a workpiece. During the process, the current will generate
Joule heat in both the coil and workpiece raising their temperatures. The objective of this work is to build a coupled analysis
to consider the temperature effect during the electromagnetic sheet metal forming process by using a finite element analysis.
During the analysis, the electromagnetic, mechanical and temperature problems are considered simultaneously. Then,t
coupling effects of the temperature with eddy currents, magnetic fields, magnetic force density, and deflection of the sheet metal
are discussed. The results indicate that the temperature incr asing is significant especially during repeated workingcycles, and
the deflection of a sheet metal is reduced as the increasing ofthe coil temperature. Hence, this temperature effect should be
considered to avoid the failing of products and to improve the life of the forming coil, especially in a mass production process.
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1. Introduction
Electromagnetic forming (EMF), which utilizes pulse magnetic forces to deform a workpiece, is a high
velocity deforming process. This process is also called magnetic pulse forming. The pulse magnetic
force is generated by an intense transient magnetic field between a current-carrying coil and a workpiece.
As discharge occurs, a large current stored in a bank of capacitors will be suddenly released. This
current running through the coil generates an intense transient magnetic field around it, which will
induce a transient eddy current in the electrically conductive workpiece. Then, these two transient
currents running in the opposite directions create a large repulsive magnetic force between the coil and
the workpiece. When the stress created by this force is greater than the yield strength of the workpiece,
it creates a plastic deformation at a high velocity achieving a strain rate in the order of 103/s to 104/s. In
this high forming rate, the EMF has peculiar advantages suchas rapid forming, slight spring-back, high
forming limit and so on. The major application of this process is flat sheet metal deformation and ring
or tube compression, expansion as well as assembly [1–3]. Also, this process can be applied in a variety
of mass production processes.
The calculation of the magnetic forces at the workpiece is very important for the EMF process. The
magnetic forces will be determined by the voltage and electrical capacitance in the EMF device, the
parameters of coil and workpiece, and the relative gap between the coil and the workpiece [4]. In addition,
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these parameters may have complicated interdependence. Inorder to solve this complicated problem,
many methods have been proposed, such as numerical studies,formula equations, a finite difference
code named “CALE”, mathematical frameworks, and commercial finite element codes. However, these
methods considered only the electromagnetic and the mechanical spect of the EMF process, and the
temperature effect was not considered.
When a current passes through a material, heat will be generat d because of the internal resistance
of the material. In an EMF process, the large currents will produce heat in the coil and workpiece
raising their temperatures. Gourdin [5] and Jiang et al. [6]mentioned that the eddy current indeed
raised the temperature of the workpiece. Robin et al. [7] simulated the EMF process by considering the
multi-physical phenomena of the electromagnetism, mechani s, and heat transfer. They indicated that
the temperature increase in the workpiece was much localized and in a very short time so that it could be
neglected. Shin et al. [8] used a coupled analysis of a finite elem nt method to consider the temperature
effect during the tube forming. This report indicated that the emperature increase of the workpiece
will reduce the electromagnetic pressure because of the decr asing in the electrical conductivity of the
material. However, how much the temperature increase in thecoil can affect the electromagnetic force
has not been discussed in these papers. In addition, the temperature increase of the forming coil in a
mass production process is very significant because it is a continuous and repeat process. Thus, in mass
production this effect will change the electric resistanceof the coil. Currently, there are very few reports
about how the temperature increase of the coil affects the magnetic force.
The objective of this work is to build a coupled analysis to consider the temperature effect of the coil
during the electromagnetic sheet metal forming process by using a commercial finite element analysis
(FEA). The FEA code, COMSOL Multiphysics, is used, and the coupling effects of temperature with
eddy currents, magnetic fields, magnetic force density, anddeflection of the sheet metal are discussed.
The results of this electromagnetic simulation are compared with both the experimental results of Takatsu
et al. [9] and the numerical results of Correia et al. [1] to validate the finite element method solution.
In addition, the results of the electromagnetic-thermal simulation are compared with the simulation data
by Shin et al. [8]. The results of this work indicate that the magnetic force density decreases with the
increase of coil temperatures during a mass production process. This coil temperature problem should
be carefully controlled to improve the coil life and to avoidthe failing of products.
2. Modeling
2.1. Analysis of the modeling
The analysis of electromagnetic field by a finite element method follows Lees’ assumptions so that the
Maxwell’s equation can be expressed as [10]:




∇× H = J (2)
∇ • B = 0 (3)
B = µH (4)
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J = σE (5)
whereE is the electric field intensity (V/m),B the magnetic flux density (Wb/m2), H the magnetic field
intensity (A/m),J the current density (A/m2), µ the permeability (H/m), andσ the electric conductivity
(mho/m). When a vector potentialA for the electromagnetic field is used, the magnetic induction and
electric field could be expressed as the following equationsfrom Lee and Lee [10].
















The current densityJ applied in the coil can be obtained from a pulse currentI(t), which is a sinusoidally
damped current generated from an RLC circuit of the EMF devices. Thus, in the EMF process the
discharging pulse current is approximately expressed as below from Yu and Lee [11] and Mamalis et
al. [12]:
I(t) = -I0 exp (-γt) sin(ωdt) (9)
















where the capacitor bank isCE , the initial voltage isU0, andRE andLE are the equivalent circuit
resistance and inductance, respectively. Alsoσ ∂A
∂t
is the induced current density in the workpiece.
Joule heating is also known as ohmic heating and resistive heating, in which a current passes through
a conductor releasing heat because of its internal resistance. Generally, in an EMF process, Joule heat
generated by a large current could be observed at the coil andworkpiece. This heat can be calculated by
the following formula:
Q = I2 × R × t (13)
whereQ is the heat generated by a currentI flowing through a conductor with electrical resistanceR
during a time periodt. The resistance of a material that is dependent on temperatur , R(T ), can be
calculated by the temperature coefficient of resistanceα in the following formula [13]:
R (T ) = R (T0) (1 + α∆T ) (14)
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(a)
(b)
Fig. 1. (a) Geometry of the sheet plate (b) Typical mesh and boundary conditions.
whereR(T0) is the resistance at reference temperature (T0 = 20◦C) andT is the temperature difference
betweenT0 andT .
The present simulation model for the EMF system includes a copper coil and a thin annealed aluminum
1050 sheet workpiece. This model has the same dimensions with the experiment conducted by Takatsu
et al. [9] considering the free bulging of the thin sheet. Thethin sheet is placed on the top of a five-turn
pancake coil, and the distance between the plate and the coilis 1.6 mm. The coil has a maximum radius
of 32 mm and a winding pitch of 5.5 mm with five turns. The workpiece is a 55 mm-radius disk with
0.5 mm thickness, and its outside 15 mm-region is clamped as shown in Fig. 1(a). The simulation model
is simplified as an axi-symmetric case, and a typical mesh is sown in Fig. 1(b) with the prescribed
electromagnetic and thermal boundary conditions. Most of the parameters considered in the present
simulation model are adopted from Takatsu et al. [9], and Table 1 lists the electromagnetic, thermal and
mechanical properties of the considered materials.
2.2. Coupling method
In this section, a coupled analysis of the temperature effect in the EMF process is developed. The
algorithm of our simulation is described as two steps. In thefirst step, the increase in temperature of
the coil due to Joule heat is calculated by using a coupled electromagnetic-thermal analysis. In this
coupled analysis, only the temperature increase of the coilfrom the repeated working cycles in a mass
production environment is discussed. The temperature incrase in the workpiece caused by the induced
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Table 1
Material parameters used in the simulation
Coil Conductivityσ (MS/m) 59.88
Densityρ (Kg/m3) 8930
Relative permeabilityµr 1
Thermal conductivity k (W/mCk) 384
Heat capacity Cp (J/KgCK) 340
Temperature coefficient of resistivityα (K−1) 0.0039
Workpiece Conductivityσ (MS/m) 36
Densityρ (Kg/m3) 2750
Relative permeabilityµr 1
Thermal conductivity k (W/mCK) 237
Heat capacity Cp (J/KgCK) 904
Young’s modulus E (Gpa) 80.7
Poisson’s ratioν 0.33
Air Densityρ (Kg/m3) 1.293
Thermal conductivity k (W/mCK) 0.026
Heat capacity Cp (J/KgCK) 1010
eddy current is neglected based on the same argument from Robin et al. [5]. They argued that the high
thermal power density generated by eddy current was much localized and only in a very short time so
that the temperature effect in the workpiece remained rathelow and heat transfer by conduction could
not affect the complete workpiece mechanical behavior. In the second step, the updated coil current,
which is calculated from the resistance change of the EMF system obtained from the temperature
increase in the first step, is input into the coupled electromagnetic-mechanical analysis. The coupled
analysis considering the temperature effect with eddy currents, magnetic fields, magnetic force density,
and deflection of the sheet metal is executed. Note that therear four important assumptions in this
simplified model. First, the inductance of the EMF system is considered as a constant as described in
Jablonski et al. [14], because the inductance change from the temperature increase of the coil is very
small. Second, the influence of the sheet velocity on the magnetic force is neglected as in Manea et
al. [15], which proposed that when the sheet velocity was smaller than the order of 109m/s, the variation
of the electromagnetic field was negligible as compared to a sationary workpiece. Third, the strain rate
effect is neglected because aluminum is insensitive to the strain rate at room temperature [10]. Fourth, it
is assumed that the deformation of the workpiece is static and the inertia effect is excluded. The overall
algorithm of this model is summarized in the flowchart shown in Fig. 2.
2.3. Preliminary verifications
To verify the present electromagnetic simulation, the FEA results are compared with those from
Takatsu et al. [9], which experimentally measured the magnetic flux density generated around a flat
spiral coil with or without an aluminum plate to place on the coil. In this verification case, the thickness
of the aluminum plate is 3 mm and the gap (dg) between the plate and the coil is 2.9 mm. To guarantee
a good resolution on the computation of the magnetic field, the infinite air domain is chosen to have the
size that is four times of the size of the EMF system (coil and workpiece), which was the same as that
in the study by Shin et al. [8]. The system parametersV , C, L, andR used to calculate the current
density of a coil are the same as those listed in Takatsu et al.[9], and the boundary conditions are the
same as those in Shin et al. [8]. The distribution of the magnetic fi ld (the axial componentBzand radial
componentBr) is shown in Fig. 3(a) without an aluminum plate and Fig. 3(b)with an aluminum plate.
In this figure the discharge energyE0 = 80 J (E0 = 1/2 × CE ×V2), whereV is the applied charge
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Fig. 2. Flowchart of the implemented algorithm.
Fig. 3. Radial distribution of magnetic field in the air gap: (a) without a workpiece and (b) with a workpiece.
voltage. From these results, the present simulation has good agreement with those from the experimental
method. The force to deform the workpiece is from the axial comp nent of the magnetic force density
that is induced in the aluminum plate by the interaction betwe n its radial component magnetic field (Br)
and the current density (-J). The distribution of this axial magnetic force densityfz inside the disk is
shown in Fig. 4 at the radial positionr = 21 mm. The results show that the magnetic force density has a
slight overestimation as compared to that from Takatsu et al. [9], but agrees very well with the results of
Correia et al. [1]. These results also show that this magnetic force density is dramatically decayed along
the thickness direction of the workpiece, and its maximum value occurs on the bottom surface of the
plate close to the coil. In addition, to confirm the present electromagnetic-thermal simulation, the results
are compared with those from Shin et al. [6], in which an aluminum tube was investigated instead of an
aluminum plate. Figure 5(a) represents a pulse current to cause temperature increase in the aluminum
tube by the EMF system. This simulation results are in good agreement with the results of Shin et al. [8].
As shown in Fig. 5(b) the maximum current rises to 3.315× 104A at 60µs, and the temperature at the
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Fig. 4. Distribution of magnetic force density along the axial direction for workpiece at the radial positionr = 21 mm.
aluminum tube is increased from 293◦K to 394◦K as shown in Fig. 5(c). Therefore, based on the above
comparisons, the current FEA modeling appears to be reliabl.
3. Results and discussion
The same FEA mesh of an EMF system (coil Bworkpiece and air) and the same boundary conditions
for electromagnetic and thermal analyses as shown in Fig. 1(b) are used again. The surface current
density runs through the cross section of the coil and the electrical conductivity of the copper coil is
5.988× 104 mho/m. Figure 6 shows the calculated pulse current through the coil in the first working
cycle in the EMF system withV = 6 kV, CE = 40 µF, LE = 2.86µH, andRE = 25.5 mΩ. The
current rises to 2.085×104 A in the first working cycle. Also, this figure clearly shows the increase
of temperature in the coil due to the Joule heat caused by a larger pulse current. The temperature is
raised from 293◦K to 312◦K, and its maximum value happens at 300µs. After this maximum value, the
temperature is slightly decreased due to the decay of the curr nt. Figure 7 shows the temperature increase
of the coil during repeated working cycles simulated for mass production condition. In this figure, the
zero in the working cycle represents that the temperature effect is not considered and the temperature
stays constant at 293◦K. When the working cycle is not zero, which means that the temp rature effect
is considered, the coil temperature increases monotonically as the increasing of working cycles. The
temperature increase is about 41.553◦K from 15 to 20 working cycles, which is less than the temperature
increase of 75.13◦K from 0 to 5 working cycles. This is due to the electric resistance increasing linearly
with the rising temperature and causing the coil current to decrease as shown in Fig. 8. In the twentieth
working cycle as shown in Fig. 7, the temperature is observedto rise to 511◦K, and this confirms that
high temperature could be generated in the coil during repeat d working cycles. To reduce the effect
of this high temperature on the coil life, an appropriate cooling method is needed or an appropriate rest
time between two working cycles should be provided. Otherwise, the insulation layer of the coil may
fracture and cause sparks.
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Fig. 5. (a) The calculated pulse current and temperature at the aluminum tube (b) The maximum coil current occurring at 60µs
(c) The temperature distribution at the aluminum tube.
Figure 8(a) also shows that the variation amplitude of coil current decreases with the working cycle of
a mass production process. Similarly, this phenomenon alsocomes from the increasing of the electric
resistance. Figure 8(b) enlarges the dashed circle marked in Fig. 8(a) to clearly show the decreases in the
coil current. As shown, the coil current reaches a maximum value s time approaches 16µs. From Fig. 4,
the bottom surface of the workpiece has the highest magneticforce density along the axial direction,
and its maximum value occurs between 13.2µs and 19.6µs. As demonstrated by Takatsu et al. [9], this
maximum value occurs as coil current reaches the maximum value. Hence, the variation in the induced
current density and the radial magnetic field density obtained at the bottom surface of the workpiece as
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Fig. 6. The calculated coil current and coil temperature in the first working cycle.
Fig. 7. The coil temperature increasing during repeated working cycles.
t = 16µs is shown in Fig. 9. As shown, these two quantities are present d at the bottom surface of the
workpiece at any radial position by the present simulation.If it’s necessary, these two quantities could
be also obtained for any section located along the axial direction. From this figure, the values of both the
induced current density and the radial magnetic field decrease with the increasing of the working cycle
as shown in the enlarged dashed circle in Fig. 9 because the smaller coil current reduces the induced
current density and the radial magnetic field. The maximum values of both the induced current density
and the radial magnetic field occur at the radial positionr = 21 mm.
At the same time, the axial magnetic force density is affected by the induced current density and the
radial magnetic field in the workpiece. Sincefz = −J × Br, the axial magnetic force density (fz) to
which the workpiece is subjected will decrease with the increased number of working cycles, as shown
in Fig. 10. Due to this decreasing, the deflection of the workpiece along Z direction decreases with the
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Fig. 8. (a) The coil current evolution under different repeated working cycles. (b) Enlarged picture of the area indicated in
Fig. 8(a).
Fig. 9. Induce current density and radial magnetic field at the bottom surface of the workpiece att = 16µs.
increasing of the working cycles as shown in Fig. 11. When there are 20 working cycles, the deflection
may have about 6 mm change. This decrease on axial magnetic force density should be carefully
prevented in an efficient precision shearing and forming process. Otherwise, the decreased magnetic
force density may result in failed cutting and insufficient forming depth.
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Fig. 10. Axial magnetic force density at the bottom surface of the workpiece.
Fig. 11. Deflection of the workpiece during repeated workingcycles.
4. Conclusions
In this study a FEA simulation is developed to simulate the temp rature effect during an electromagnetic
sheet metal forming process by solving a sequence of coupledproblems. In the first step, the increase
in temperature of the coil due to Joule heat is calculated by using a coupled electromagnetic-thermal
analysis. In the second step, the updated coil current is input to the coupled electromagnetic-mechanical
analysis. Therefore, the interaction between the coil temperature with eddy currents, magnetic fields,
magnetic force density, and deflection of the sheet metal is obtained. The results indicate that the
temperature increasing of the coil is significant and the corresponding deflection of the workpiece is
clearly reduced, especially during repeated working cycles. This coil temperature problem should be
carefully controlled to improve the coil life and to avoid the failing of products.
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Nomenclature
A Vector potential
B Magnetic flux density
Br Radial component magnetic field
Bz Axial component magnetic field
CE Capacitor bank
E Electric field intensity
E0 Discharge energy
fz Axial magnetic force density
H Magnetic field intensity
I Current
J Current density
LE Equivalent circuit inductance
Q Heat
R Electrical resistance
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